ABSTRACT. Tephrochronology, the reconstruction of past volcanic ash deposition, provides a valuable method for dating sediments and determining long-term volcanic history. Tephra layers are highly numerous in Alaska, but knowledge of their occurrence and distribution is incomplete. This study expands the regional tephrochronology for the Kenai Peninsula of southcentral Alaska by investigating the tephrostratigraphy of two peatland sites. We located seven visible tephras and seven microtephras and investigated the particle size and geochemistry of the visible tephras. Radiocarbon dates were used to estimate the timescale of each core. Geochemical comparison showed that the visible tephras originated from late Holocene eruptions of the Augustine, Crater Peak-Mt. Spurr, and Hayes volcanoes. Some of the tephras had been documented previously, and these new findings expand their known range. Others represent eruptions not previously reported, including a Crater Peak-Mt. Spurr eruption around 430 cal. BP. The results provide new tephra data for the region, illustrate the spatial heterogeneity of tephra deposition, and show the potential of microtephras for expanding the regional tephra record.
INTRODUCTION
Preserved layers of tephra (volcanic ash) are valuable for reconstructing volcanic eruption histories, as isochrones for palaeo-environmental studies, and for investigating volcanic impacts on the environment. Alaska contains over 100 volcanoes active in the Quaternary, and tephrochronologies have been established in several areas, although many spatial and temporal gaps remain. The Kenai Peninsula of south-central Alaska is close to several Holocene-active volcanoes and has been subject to many historical ashfalls. The peninsula is one of the most densely populated areas in the state and is crossed by major international air routes, so even relatively modest eruptions can cause major impacts. The area is also the site of ongoing palaeoecological studies, which use tephra layers for dating and correlating sequences. Previous studies have identified tephras from several volcanic sources (Riehle, 1985; Combellick and Pinney, 1995) , but an improved knowledge of the history and spatial dimensions of tephra deposition is needed for hazard assessment and chronological precision. Peatlands are effective at trapping and preserving tephra with minimal post-depositional movement or geochemical change over millennia, and even thin tephra layers in peat can be located, extracted, and identified (Dugmore et al., , 1996 Payne et al., 2005) . This study investigates the visible and microscopic tephrochronology of two peatlands in the Kenai Peninsula.
SITES AND METHODS
The two sites sampled were Sterling Mire, a kettle peatland on the Kenai Lowlands (60˚31' N, 150˚31' W), and Moose Pass peatland (60˚30' N, 149˚26' W; Fig. 1 ), located 60 km to the east in the Kenai Mountains (Payne et al., 2006) . Cores were extracted from the deepest section of the sites using a Russian-pattern peat corer with a 50 mm bore (Aaby and Digerfeldt, 1986) . Visible tephra layers were located and confirmed by microscopy. The particle size distribution of visible tephra layers was investigated using laser-diffraction particle size analysis (Beckman Coulter LS 13 320), with organic materials removed by acid digestion. In addition to visible tephra layers, we also identified non-visible microtephra layers (also termed cryptotephras: Lowe and Hunt, 2001 ) using a simplified ashing method (Pilcher and Hall, 1992) . Subsamples 10 mm thick extracted from the core were incinerated at 550˚C, and the inorganic residue was mixed with glycerol on a microscope slide. Loss on ignition (LOI) was calculated from pre-and post-incineration weights. Tephra shards were identified under the microscope by their distinctive angular and vesicular morphology; no material remained for geochemical analyses. Location of tephra layers was complicated by the high proportion of other mineral material in the peat, particularly lower in the cores, where diatom frustules were often numerous. Isolated tephra shards were present in several of the samples, but only distinct microtephra layers with abundant tephra shards are presented here.
One aim of this study was to provide additional comparison data for microtephra studies elsewhere in Alaska. We based correlations between tephras solely on major element glass geochemistry. While this approach may disregard other sample characteristics, these are rarely useful for microtephra correlation, and many studies (e.g., Hunt, 2004) have demonstrated that useful correlations can be made on the basis of glass geochemistry alone. The glass geochemistry of the visible tephra layers was determined using wavelength dispersive electron probe microanalysis (EPMA), the standard technique used in most tephra studies. EPMA can produce results that are precise and replicable between analysis centres. Although discrepancies may arise from differences in probe set-up and operation, these are minimized when the probe is well calibrated (Hunt and Hill, 1993; Hunt et al., 1998) .
Tephra shards were extracted using acid digestion, following the methods of Persson (1971) and Dugmore (1989) , which have been used in numerous tephra studies and are considered reliable . A recent study (Blockley et al., 2005) demonstrated notable cation leaching; however, while such leaching is possible in this study, it is likely to be of limited extent and may be further reduced through sample polishing. Samples with a 'B' notation (Table 1) were analyzed with an ARL-SEMQ microprobe at the Department of Earth Science, University of Bergen, using 15 kV accelerating voltage, 10 nA beam current, and a 1 mm beam diameter. Samples with an 'E' notation were analyzed on a Cameca SX100 microprobe at the School of Geosciences, University of Edinburgh, with 20 kV accelerating voltage and a 4 nA beam current. The beam was rastered over a 10 × 10 mm grid to minimize sodium mobilization. Microprobe choice was dictated by logistical considerations and does not reflect any intrinsic difference between the two sets of samples. Analyses with oxide totals under 95% were excluded following Hunt and Hill (1993) .
To determine the source of the tephras, we compared the glass geochemical data to a large data set compiled from previously published studies of tephra in southern Alaska (Downes, 1985; Riehle, 1985; Riehle et al., 1987 Riehle et al., , 1990 Riehle et al., , 1992 Riehle et al., , 1999 (selected data); Begét et al., 1991 Begét et al., , 1992 Richter et al., 1995; Begét and Motyka, 1998; Child et al., 1998) . Previous studies have used different electron microprobe centres and adopted a variety of analytical conditions, and these differences may complicate data comparisons.
Correlations between glass geochemical data from tephras in this study and those from previous studies were investigated using a variety of techniques. We constructed plots of absolute and relative oxide abundance and calculated similarity coefficients, using both the conventional similarity coefficient (SC) and the computationally more intensive weighted SIMAN coefficient. The SC is calculated as: where i = element number, n = number of elements, X iA = concentration of element i in sample A, and R i = X iA /X iB , if X iA < X iB or R i = X iB /X iA , if X iB < X iA . Oxides < 0.4% were excluded from the calculation (Borchardt et al., 1972; Riehle, 1985) . The conventional similarity coefficient was applied to test the correlation between all tephras in this study and all comparison data. Where the SC indicated a reasonable degree of similarity (SC >≈ 0.90), we calculated weighted SIMAN coefficients that weight each oxide according to its analytical precision. The SIMAN coefficient is calculated as:
where σ iA = 1 standard deviation for X iA , E is the relative error due to the detection limit (set here at 0.7 to exclude only MnO from analysis), and gi is the weighting factor. A SIMAN coefficient of 1 would indicate identical composition; however, given sample heterogeneity, this result is extremely unlikely. There is no unambiguous level that can be taken to indicate correlation; most studies adopt a value between 0.93 and 0.95 (Riehle, 1985; Carson et al., 2002) . To help assess the value indicating correlation in this study, we randomly divided the data for each tephra into three subsets and calculated similarity coefficients (Rodbell et al., 2002) . Similarity coefficients are a rapid and computationally simple index of similarity between data averages, but they are not a rigorous statistical technique. Results need to be interpreted with caution, and potential correlations should also be evaluated using other techniques.
Radiocarbon dating was used to estimate the age of the tephra layers identified. Dates were obtained using conventional radiometric analysis on bulk peat samples from near the position of a visible tephra. Dates were calibrated using OxCal version 3.10 (Bronk Ramsey, 2005) . The age of tephras that were not directly dated was estimated by linear interpolation from the calibrated date. Although peat accumulation may be modified by allogenic processes such as climate change or fire, numerous well-dated palaeoecological records show approximately linear accumulation rates over longer time scales (e.g., Aaby and Tauber, 1975) . The age of one tephra (ST68) is more uncertain, as it lies below the dated horizon in this site.
RESULTS
Four visible tephras and three microtephra layers were detected in the Sterling site, and three visible tephras and four microtephra layers in the Moose Pass site (Fig. 2) . Tephras are named by their site code (ST or MP) and the depth (cm) at which they occur: for example, the MP 10 tephra is at 10 cm below the surface in the Moose Pass site.
The loss on ignition results (Fig. 2) highlight the location and extent of the visible tephra layers; however, the majority of the microtephras do not show up in these plots. Lower LOI values near the base of the cores represent the transition towards ombrotrophy. Distinct loss on ignition troughs that are not associated with tephra layers, such as at 115 cm in Moose Pass, probably represent flood events.
Glass geochemical data are presented in Table 1 . Any difference between performance of the two microprobes can be assessed by comparing results from tephras analyzed at both centres. For the MP 39 and MP 10a tephras, the data are broadly similar and coefficients are high (SIMAN = 0.96 and 0.95 respectively). Most of the difference can be accounted for by lower sodium totals in the Bergen data, which are probably due to the use of a static, focused beam. The data for MP 10b show greater difference, with a SIMAN coefficient of only 0.81 and major differences in several oxide means. Real heterogeneity in tephra composition and the small number of shards analyzed at Bergen may largely account for this difference.
To test the maximum achievable similarity coefficients, we divided the data sets in this study into three groups and calculated similarity coefficients. Results gave a mean SIMAN of 0.94 (σ 0.04). However, as these divided data sets are small, the oxide means will be less well characterized and coefficients may be underestimated. It therefore seems reasonable to apply a slightly higher limit. We adopted the 0.95 criterion applied in numerous previous studies. Lower SCs (over approximately 0.90) could indicate a different tephra from the same source (Riehle, 1985) .
The peat cores were dated using radiocarbon dates on two peat samples. A radiocarbon date of 510 ± 100 BP (lab. code Gd-15806) was obtained from 40 to 50 cm in the Moose Pass site. This calibrates to 670 -420 cal. BP (1 σ age range), giving an accumulation rate of approximately 13 yr cm -1 . A radiocarbon date of 850 ± 65 BP (lab. code URCRM-1273) was obtained from 35 to 40 cm in the Sterling Mire site. This calibrates to 920 -670 cal. BP, giving an accumulation rate of approximately 23 yr cm -1 . These accumulation rates are within the range that would be expected of a poor fen and ombrotrophic mire in this region (Robinson and Moore, 1999) .
Moose Pass
The MP 10 tephra is a 10 mm thick zone of mixed-size tephra with particle size peaks at 30 and 450 mm. The particle size may be less well characterized for this tephra than for the other layers because analysis was based on a smaller sample. The glass geochemical data show two populations; population MP 10a is more silicic (over 73% SiO 2 normalized) than population MP 10b (under 71% SiO 2 ; Table 1 ). It is possible that the two populations
represent separate but nearly contemporaneous eruptions, so each was compared separately to the other data. In comparison to the other layers in this study, the MP 10a population bears some similarity to ST 24 (SIMAN = 0.93), while the MP 10b population is more distinct (SIMAN ≤ 0.85). In comparison to results of previous studies, the MP 10a population bears a high degree of similarity to Augustine 1883 tephra (SIMAN ≤ 0.98: Fig. 3) . The data show some difference from most Augustine tephra in Figure 4a , but are very similar to analyses of Augustine 1883 tephra (Figs. 3 and 4) . The MP 10b population bears little similarity to any of the comparative data and is distinctly separate from any of the other tephras analysed (Fig. 4) . The MP 27 tephra, a layer 7 mm thick, is the only tephra in this study to show a monomodal particle size distribution centred on 65 mm. Glass geochemical data show a similarity to the MP 39 layer (SIMAN = 0.96). In comparison to data from previous studies, MP 27 shows a very high degree of similarity to tephra from Crater Peak-Mt. Spurr (Fig. 4 ) and particularly to data from a c. 300 BP eruption found at Skilak Lake ( Fig. 3 ; SIMAN ≤ 0.98: .
The MP 39 tephra is a 4 mm thick layer of tephra particles with a size distribution centred on 60 and 175 mm. Geochemical data show a heterogeneous composition without distinct populations. As in the similar MP 27 layer, the highest degree of similarity is with the c. 300 BP Crater Peak-Mt. Spurr tephra (Fig. 3: Begét et al., 1994) , although the similarity coefficients are marginally lower (SIMAN ≤ 0.97).
Sterling Mire
The ST 12 tephra is a 2 mm thick layer with particle size peaks at 45 and 180 mm. Glass geochemical data show limited similarity to other data sets in this study (SIMAN ≤ 0.89). In comparison to data from previous studies, the greatest similarity is to data from the Augustine Volcano, particularly the c. 500 BP Augustine 'B' tephra ( Fig. 4 ; . Similarity coefficients for the ST 12 . Horizontal variability in tephra depth has led to minor differences between the depth for which a tephra is named and the position of that tephra in these profiles. Peripheral plots show particle size profiles of visible tephra layers. The particle size analysis for the MP 10 tephra was based on a small sample and may not be adequately characterized. TABLE 1. Electron microprobe microanalysis (EPMA) results for glass shards from seven visible tephra layers in this study, along with the most similar comparison data from previous studies. Normalized data from all (N) analyses of each sample are based on eight major oxides. (Where manganese and chlorine oxides were analyzed, they were excluded from the analysis.) Analyses with oxide totals under 95% are not included, following Hunt and Hill (1993 Similarity coefficients and SIMAN coefficients are calculated following Borchardt et al. (1972) and Borchardt (1974) .
tephra (SIMAN ≤ 0.92) are below the level required to indicate correlation, but still indicate a degree of glass geochemical similarity, as shown in Figure 3 . The ST 24 tephra is a 5 mm thick zone of particles with a bimodal size distribution centred on 35 and 490 mm. The data bear some similarity to comparison data, particularly the Katmai 1912 tephra (SIMAN ≤ 0.94) and the Augustine 1883 tephra (SIMAN ≤ 0.93; Fig. 3 ; .
The ST 36 tephra is a 4 mm thick layer with particle size peaks at 35 and 175 mm. Glass geochemistry bears little similarity to other tephras in this study (SIMAN ≤ 0.87). Compared to data from previous studies the greatest similarity is to Augustine tephra (Fig. 4) . Similarity coefficients indicate the greatest similarity with the c. 500 BP Augustine 'B' tephra (SIMAN ≤ 0.92; .
The ST 68 tephra is a 3 mm thick layer with particle size distribution centred on 40 and 215 mm. The tephra has little geochemical similarity to other layers in this study (SIMAN ≤ 0.89). In comparison to data from previous studies, it is most similar to Hayes tephra found in interior Alaska (SIMAN ≤ 0.95: Begét et al., 1991) and the eastern Kenai Peninsula (Fig. 4 ; SIMAN ≤ 0.97: Combellick and Pinney, 1995) .
DISCUSSION
The MP 10 tephra shows a high degree of similarity to the Augustine 1883 tephra. Given the estimated age of this tephra and the large magnitude of the eruption, the Augustine tephra seems a very probable source (Table 1) . Both the MP 27 and MP 39 tephras bear a high degree of similarity to tephra from Crater Peak-Mt. Spurr. located a Crater Peak tephra dated to c. 300 BP, as well as an older layer (> 500 BP) that bears little geochemical similarity to MP 27 and MP 39. Despite the similarity in glass geochemistry, it is extremely unlikely that MP27 and MP39 are both the same tephra. Microscopy demonstrated both tephras to be well confined. Although some tephra shards may move down through peat (Payne et al., 2005) , significant vertical movement of entire tephra layers in peatlands has never been demonstrated or seriously suggested. The Moose Pass mire receives all its moisture and nutrients from the atmosphere, so it is very unlikely for tephra to have been re-deposited at the site more than a hundred years after the original eruption. Linear extrapolation from the radiocarbon date suggests that the MP 27 tephra dates to c. 280 cal. BP and the MP39 tephra to c. 430 cal. BP. Given these estimated ages and the greater glass geochemical similarity, it seems probable that the MP 27 tephra is the c. 300 BP layer and the MP 39 tephra is from a previously unidentified eruption.
The source of the Sterling tephras is more complex to determine. The ST 12 tephra shows the greatest similarity to Augustine tephras; linear extrapolation from the radiocarbon date suggests an age of c. 210 cal. BP. The recorded Augustine eruption closest to this date is c. 300 BP (Smithsonian volcano database, www.volcano.si.edu). This FIG. 3 .Tri-plot of K 2 O, FeO, and CaO, showing relative composition of tephra populations in this study and selected reference data (Riehle et al., 1990; . eruption is the most likely candidate for ST 12. The ST 24 tephra shows greatest similarity to the Katmai-Novarupta 1912 tephra, but the age estimate of c. 470 cal. BP is significantly too old. Glass geochemistry also shows some degree of similarity to Augustine tephras, but the data are inconclusive, and correlation cannot be reliably determined. The ST 36 tephra shows the greatest similarity to Augustine tephras and is directly dated to c. 720 cal. BP. An Augustine eruption dated to c. 750 BP is in close agreement with this age and provides the most probable source. The ST 68 tephra shows the greatest similarity to tephra from the Hayes Volcano. Extrapolation from the radiocarbon date suggests an age of c. 1400 cal. BP, but there are no Hayes eruptions recorded between c. 3500 and c. 750 BP (Begét et al., 1991) . However, this age estimate is poorly constrained, relying on the assumption of a constant accumulation rate below the dated horizon. Although there is no obvious change in stratigraphy lower in the core, it is possible that the accumulation rate may have changed as the mire developed towards ombrotrophy and older sediments became compressed. It is therefore conceivable that the tephra may represent one of the large Hayes eruptions from 4400 to 3600 BP (Riehle et al., 1990; Begét et al., 1991) . In the absence of geochemical data, it is not possible to determine the source of the microscopic tephras; however, the likely age of the layer suggests that the tephra at 2. These results show several interesting features of the regional tephrochronology. Although some tephras have been previously documented in the region (MP 10, MP 27), many do not have obvious correlates. The MP 39 tephra is probably from a previously unrecognized eruption, while the ST 68 tephra may extend the distribution of Hayes tephra further east across the Kenai Peninsula. Although the sources of all the tephras have not been conclusively ascertained, many appear to originate from the Augustine Volcano, which is consistent with the high eruptive frequency of this volcano. Interestingly, none of the identified tephras appear to be from the Redoubt Volcano despite its proximity and the frequent eruptions at this volcano (Begét and Nye, 1994) .
A possible cause of the poor comparability with previous studies may be differences in electron microprobe performance. Although EPMA data are generally comparable between different centres, inter-laboratory comparison exercises have shown some exceptions to this. In particular, Hunt et al. (1998) showed that analyses by the USGS Menlo Park facility had lower sodium totals than other laboratories, including the Edinburgh centre used for some analyses in this study. The Menlo Park probe was used in the study of Riehle (1985) . If sodium mobilization occurred in the analyses of Riehle (1985) , the lower sodium totals may have complicated comparisons with the data presented here.
The frequency of microscopic tephras at these sites equals that of visible layers, which suggests that reliance on visible tephras may lead to underestimating the eruptive frequency of proximal volcanoes. Alternatively, the thinner layers may represent more distant eruptive sources. At sites nearer the source, a higher percentage of tephras may be recorded both in total and in visible form. Farther away, only microtephras may be found (Hall and Pilcher, 2002; Payne and Blackford, 2004) . This study suggests that a combined approach that uses distal and proximal sites and includes microtephras would be most effective in reconstructing the frequency and magnitude of past events. Although these microtephra layers have not been identified to source, they are still important, as they show the relatively high frequency of smaller tephra-fall events, which may still be capable of environmental impacts (e.g., Blackford et al., 1992) .
The results presented here highlight the spatial heterogeneity of tephra deposition on the Kenai Peninsula. The two sites in this study are only 60 km apart and cover similar time periods, but apparently none of the visible tephras are present at both sites. It is particularly notable that the Crater Peak-Mt. Spurr tephras in the Moose Pass site are not present in the Sterling Mire site, which is located almost directly between Moose Pass and the volcano. The Skilak Lake site investigated by is within 15 km of Sterling Mire; however, it seems that none of the tephras identified are common to both sites (Fig. 1 ). These differences are probably due to the prevailing meteorological conditions at the time of eruption and may represent palaeo-rainfall or snow cover patterns. Further work on the microtephras may improve these inter-site correlations.
Particle size analysis might allow tephras to be characterized by their particle size profiles and may be used to illustrate changing particle size with increasing distance from source. Comparison of particle size was not possible in this study because of the difference in tephra records between the two sites, but the approach merits future work. The tephra records appear to show that tephra deposition at these sites has been more frequent over the last 700 years than in earlier periods covered by these peat cores. In the case of microscopic tephras, this result may reflect the increasing difficulty of locating tephra layers deeper in the cores; however, for the visible tephras this seems to be a genuine result. Overall, the data presented here will aid the use of tephrochronology for hazard assessment and for dating palaeoenvironmental records from the region. 
APPENDIX
Electron microprobe data. Results as raw percentages from Bergen (B) and Edinburgh (E) microprobes. Averages of raw and normalized data and standard deviation are also shown. 
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